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In this research, Total Variation (TV) regularization method was incorporated with the 
Forward-Backward Time-Stepping (FBTS) algorithm to deal with the ill-posedness of the 
inverse scattering problem in the time domain. The effectiveness between FBTS without and 
with regularization method is compared and analyzed by numerical simulations and 
calculation of Mean Square Error (MSE). Finite-Difference Time-Domain (FDTD) scheme is 
used to calculate the inverse scattering signals in forward time-stepping and adjoint field in 
backward time-stepping to reconstruct the microwave properties. The Forward-Backward 
Time-Stepping - Total Variation (FBTS-TV) regularization algorithm is in a two-dimensional 
case and implemented in C++ language executed in single computing. The FBTS-TV 
regularization method shows a good performance of reconstructing relative permittivity and 
conductivity profiles of the unknown embedded object for its size, shape, and location. The 
image reconstruction in enhanced by smoothing irregular contours while preserved the edges, 
and hence produced a better estimation of the image’s boundaries. A distinct improvement is 
shown in the reconstruction of the object’s relative permittivity. In the case of reconstruction 
of a simple object for relative permittivity, FBTS-TV improved the FBTS algorithm by 15%. 
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Pengimejan Berdasarkan Gabungan Kaedah Songsang Berselerak Bersama Kaedah 
Penyusunan Jumlah Variasi 
ABSTRAK 
 
Dalam kajian ini, kaedah penyusunan Total Variation (TV) telah digabungkan bersama 
Forward-Backward Time-Stepping (FBTS) dalam lapangan masa bagi menangani masalah 
ketidaksempurnaan di dalam kaedah songsang berselerak. Keberkesanan kaedah FBTS 
tanpa dan dengan gabungan kaedah penyusunan telah dibandingkan serta dianalisis melalui 
kaedah simulasi berangka serta pengiraan ralat min kuasa dua. Teknik Finite-Difference 
Time-Domain (FDTD) digunakan bagi penggiraan  isyarat tuju serta isyarat serakan dalam 
proses pengimejan. Algoritma bagi gabungan kaedah tersebut, Forward-Backward Time-
Stepping - Total Variation (FBTS-TV) adalah dalam bentuk dua dimensi dan diprogramkan 
di dalam bahasa pengaturcaraan C++ menggunakan jenis pengkomputeran tunggal. Kaedah 
FBTS-TV telah menunjukkan prestasi yang baik dalam pembinaan semula sifat-sifat 
dielektrik gelombang mikro bagi objek yang tidak diketahui mengikut saiz, bentuk dan 
lokasinya. Mutu pengimejan telah ditingkatkan dengan melicinkan permukaan kontur yang 
menggerutu, sementara memelihara kawasan pinggir, dan disebabkan itu, sempadan imej 
dapat dianggarkan dengan lebih baik. Penambahbaikan yang jelas telah ditunjukkan bagi 
pembinaan semula objek dalam keterusan elektrikal. Bagi kes pembinaan semula sebuah 
objek mudah dalam keterusan elektrikal, kaedah FBTS-TV telah memberikan peningkatan 
sebanyak 15% berbanding kaedah FBTS. 
 
Kata kunci: Kaedah penyusunan, kaedah penyusunan Total Variation, kaedah songsang       
berselerak, pembinaan semula imej, pengimejan gelombang mikro. 
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Microwave imaging is a technique used to sense objects by means of analyzing 
microwave signals. Extensive researches have been conducted on microwave imaging and 
it had proven its potential utility and effectiveness for a wide range of applications such as 
in medical imaging, remote sensing of earth, and non-destructive testing and evaluation. For 
example, in remote sensing, Synthetic Aperture Radar (SAR); form of a radar system, has 
the capability to produce a high-resolution imagery of bio and the geophysical parameter of 
the Earth’s surface [1-3]. Remote sensing also applied for forest biomass mapping [4], 
monitoring global land surface phenology [5] and mapping natural hazard and disaster [6].  
In Non-Destructive Testing and Evaluation (NDT & E), high-frequency 
electromagnetic energy is utilized to determine material characterization and its structural 
integrity. Pulsed Eddy Current (PEC) is among the popular technique applied in NDT & E 
due to its effectiveness of quantifying defects in multilayer structures. Some applications 
involving NDT & E are identifying hidden defect characterization in some complex 
structures [7], and defect detection of riveted structures of aging aircraft [8].  
Microwave imaging applications for medical purposes had pulled a great attention 
and continuously investigated by the researchers. Medical imaging is the visualization of a 
biological system for clinical diagnosis and medical intervention proposes. Medical imaging 
modalities examples are X-ray, Ultrasound, Computerized Tomography (CT), Positron 




In microwave tomography, transmitting antenna is used to illuminate the biological 
part in microwave region and the scattered field data are then collected by receiving 
antennas. The scattered field information will be processed and analyzed to reconstruct the 
dielectric properties of the biological part. The dielectric properties concern is the relative 
permittivity, 𝜀 , the capacitance of a unit volume of matter and conductivity, 𝜎, the 
conductivity of a unit volume of matter. Microwave tomography can be obtained through 
single-frequency, multi-frequency or time domain method [9-11]. Microwave tomography 
is preferable method compared to other conventional medical imaging modalities due to its 
non-ionizing detection, more comfortable for patients, inexpensive, no side effect for human 
body and potentially increases the sensitivity of cancer detection [12].  
Recently, there is a positive growth in research on medical tomography for cancer 
detection due to the significant contrast of dielectric properties of healthy and malignant or 
abnormalities tissue at microwave frequencies. For the similar reason, a group of researchers 
focuses on microwave imaging technique for breast cancer detection [13-17].  Takenaka et 
al. [18] introduced Forward-Backward Time-Stepping (FBTS) to solve electromagnetic 
inverse scattering problems in the time domain. Time domain method in FBTS means 
allowing a broad spectrum of frequencies to be utilized in a single optimization, thus, this 
method will give more useful quantitative information of electrical parameter profiles and 
increase in accuracy for the reconstructed images. FBTS has shown a strong ability to 
reconstruct images providing the electrical properties of the objects together with its size, 
shape, a position of the scatters or objects. In recent studies, the reconstructed of breast 
imagery with FBTS technique had shown a significant disparity of the dielectric properties 
in which enabling the differentiation and recognition of normal and abnormal breast tissue. 
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It is reported that FBTS technique capable of detecting as small as 4 mm malignant tumor 
in its reconstructed image [19].  
Another advancement of FBTS is a reconstruction of breast imagery in three-
dimensional forms [20], and incorporating low pass filter with several cut-off frequencies in 
the FBTS algorithm to avoid nonlinearity problem [21]. 
In many cases, inverse problems are ill-posed due to noise in measurement data 
which cause misinterpretations of the solution. Ill-posed problems can be handled either by 
incorporating a priori information through the use of transformation or by applying 
appropriate numerical methods, called regularization techniques [22].  Regularization 
method can be applied to improve the conditioning and determine a useful approximation of 
the actual reconstruction image.  
Some of the commonly known and used methods of regularization are Singular-
Value Decomposition (SVD) as in [23-25], and Tikhonov regularization as in [26-27]. SVD 
and Tikhonov’s regularization perform successfully in image enhancement, noise removal, 
and deblurring, however, these types of regularization tend to produce smoothed or over-
smoothed solution which eliminates sharpness at object boundaries on the resulting solution.  
The Total Variation (TV) regularization method was introduced by Rudin, Osher and 
Fatemi in [28], is a constrained optimization type of numerical method for image denoising 
while preserved the edge information. Unlike other conventional smoothing filters that have 
a greater tendency to blur the discontinuities, TV regularization is well suited for edge-
preserving as it is not discriminating against smoothness in an image and tends to preserve 
edges of the reconstructed image [29]. Due to efficacy and robustness of TV regularization 
method, it has been considered to be utilized in image denoising, deblurring, inpainting, 
edge-preserving, and restoration. TV regularization method has been applied in image 
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denoising [30], reconstruction for images that missing some pixels due to impulsive noise 
[31], and reconstruction of super-resolution images [32]. There are also researches on a 
combination of regularization methods, for example, hybrid of Tikhonov and TV 
regularization method in [33-34] to compensate both methods’ weaknesses thus improving 
the outcome. 
 
1.2 Problem Statement 
Breast imaging with FBTS had shown a great success due to its ability to determine 
and reconstruct images by providing useful quantitative information about the size, location, 
shape and the internal composition of the backscatters or objects in a test area [18-21]. FBTS 
shown the potential to detect malignancy and assessed internal compositions in a breast 
model [35]. A good and stable image reconstruction will aid in better medical analysis and 
diagnosis [14-15].  
FBTS, an inverse scattering method in time domain is utilizing an iterative scheme 
based on conjugate gradient method, which is updating simultaneously the unknown field in 
the scattering domain and the unknown material contrast by minimizing a cost functional at 
each iteration [18]. The process of developing the reconstruction of the electrical properties 
is dependent greatly on its quantitative information produced by the calculation of error 
between the measured and simulated scattering field data. FBTS has strong non-linearity and 
ill-posed in nature causes the algorithm to get trapped in a local minimum leading to false 
estimation. False estimation in the scattering data calculation will give negative impact in 
the reconstruction output such as distortion and irregularities in the reconstructed images. A 




Ill-posed problems can be handled either by incorporating a priori information 
through the use of transformation or by incorporating an appropriate numerical method, 
called regularization method [36]. The regularization method will give constraints on the 
reconstructed image that lead to more accurate estimation. In this research, the Total 
Variation (TV) regularization scheme will be incorporated in the FBTS inverse scattering 
algorithm to improve the reconstructed image by giving information such as its shapes and 
location, smoothing the uninterested structures, and reconstructing sharp edges in the 
enclosed region that should give a better estimation of the image’s boundaries. 
 
1.3 Objectives 
The goal of this research is to develop a low cost and safe microwave imaging system 
that detect the presence of objects buried in inhomogeneous medium and also to identify the 
electric properties of the objects. The project will involve the following objectives: 
a) To formulate edge preserving with Total Variation (TV) regularization method. 
b) To analyze the effect of Total Variation Regularization with different parameter 
settings such as regularization parameter, number of antenna, and center frequency. 
c) To incorporate the Total Variation Regularization scheme with the time-domain 
inverse scattering technique for edge-preserving image reconstruction. 
 
1.4 Scope of Project 
This research was conducted to investigate and formulate Total Variation 
Regularization, which is one of a regularization method, and incorporated it with FBTS in 
two-dimensional transverse magnetic case, in order to improve the quality of the 
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reconstructed image. It is assumed that the media is nondispersive with constant permittivity 
and conductivity over changes in frequency.  
Thus, the study is conducted for less complex reconstruction algorithm which is for 
two electrical profile parameters of relative permittivity,  𝜀  , and conductivity,  𝜎.  For the 
reconstructed image, it is assumed that the position, shape, and size of the object could be 
detected.  The research will consider free space as background medium. The development 
of numerical simulation is completed using the C++ programming language in single 
computing, while the demonstration of the obtained data is accomplished by MATLAB 
R2010a software.  Besides that, the study aims to determine the effect of Total Variation 
Regularization with different parameter settings such as scaling, orientation, and central 
frequencies. 
 
1.5 Thesis Outline 
Chapter 1 presents the introductory statements of the study that include a brief 
introduction to the research, problem statements, objectives, and scopes of this research. 
Chapter 2 describes the research of related literature and studies such as microwave 
imaging system, Maxwell’s equation, the Forward-Backward Time-Stepping, the Finite-
Difference Time-Domain, ill-posed problem in image reconstruction, and regularization 
method in image reconstruction such as the Truncated Singular Value Decomposition, 
Tikhonov Regularization and Total Variation Regularization. 
Chapter 3 provides explanations of methods to be use in this research, which include 




Chapter 4 presents and discusses the findings of numerical experiments, which 
demonstrate the performance of the method proposed. The comparison of reconstruction of 
a simple object with and without regularization presented. Furthermore, the efficacy simple 
object reconstructed tested for a higher optimization and the impact of utilizing different 
regularization parameter value has been evaluated. Reconstructions of a simple object with 
multiple configurations of antennas are tested and analyzed for its performance. Besides that, 
reconstruction of multiple circular and square shape objects with varying sizes has been 
studied and presented. MSE statistic used for measuring the method effectiveness. 
Chapter 5 concludes the whole research and provides some recommendations for 




2. CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Microwave Imaging 
Microwave imaging is a continually evolving science to estimate hidden or 
embedded objects in a structure or media with the usage of electromagnetic information in 
the microwave regime. Researchers in microwave imaging always make used of numerical 
modeling and hardware to improve its detection of the embedded object. The information on 
electromagnetic properties is acquired by measuring scattered electric field via transceivers. 
The analysis of the electric field permits the location and identification of the unknown 
objects. Microwave imaging has a huge potential for a wide range of applications such as in 
remote sensing of the earth [1-4], biomedical imaging and diagnostic [13-17], non-
destructive testing and evaluation [7-8], underground surveillance [37], and through-wall 
imaging [38].  
One of the microwaves imaging application is in remote sensing. Remote sensing is 
a great tool to observe the earth due to its capability to operate unmanned and durability to 
be under any weather circumstances for day or night. The radiated electromagnetic energy 
from its transmitting antenna will focus on a target. As the electromagnetic energy hit the 
target, it will be reflected or create backscatter in which are detected by the receiving 
antenna. The received electromagnetic energy of the target will be analyzed and observed 
via signal processing [1-2]. 
In Synthetic Aperture Radar (SAR), it synthesizes a large aperture antenna from the 
antenna scanning. A miniature SAR system operated on a small dimension of Unmanned 
Aerial Vehicle (UAV) platform that generating 5m x 5m spatial resolutions has been 
